ABSTRACT In this paper, the model-based fuzzy control application for double-layer operation systems with uncertainty is addressed. Due to the multiple-time scales of complex industrial systems, as well as the inborn uncertainties of the system, the challenge of feedback control is presented. A new approach based on a class of fuzzy models with uncertainty fulfilling the condition of sector bound for the operation process system is proposed. First, a fuzzy model of the system is considered in terms of the system's described dynamical characteristics, and the PI fuzzy controller is then employed for the model, which will ensure controlled plant tracking set-points. Second, with different sampling rates, a dual-layer model combining PI fuzzy controller and dynamical fuzzy output feedback controller are presented. Third, the S-procedure is applied to derive the feedback controller, which can simultaneously guarantee the mean value of steadystate error between the realistic and target operational index is zero and the stability of the dual closed-loop control system is established. Finally, significant simulations have been executed to show the effectiveness of the proposed approach.
I. INTRODUCTION
In recent years, the automatic control of industrial machinery operation and optimization has become a hot topic in the field of control theory and mechanical engineering [1] , [2] . The feedback controls based on intelligent technology, the case based reasoning, neural network and other intelligent methods are adopted. In the open-loop, the single-layer architecture is a traditional scheme of the industrial operation control, in which the engineers perform manually the decomposition of operation goal index. Recently, a widespread control program of the industrial mechanical operation system contains the regulation of the local object, and an optimization controller which creates profit maximization of the economic indicator function. In the reality, in terms of feedback, prediction, and feed-forward, as well as the combination of modeling and control, the hybrid intelligent control method is proposed [3] . Neural network, intelligent control using fuzzy reasoning and conventional control are combined to improve the performance of the final product [4] . The heating effect of the systems is improved with the optimization method based on integrated control [5] . A control method of employing the knowledge of mechanism and intelligent technology is designed based on the integrated model and the hierarchical reasoning [6] . Nevertheless, in the above literatures, the poor performance is obtained due to inaccurate decomposition of the target as well as the features of the architecture. In some literatures, the achievements are gained by the doublelayer structure, for example, the optimization of the economic goal is considered as a suit of easy control tasks, in which way each corresponding set-points is tracked by the local controlled plant such that the entire economic capability is to be optimal [7] - [10] .
However, the above methods have little consideration for the nonlinear characteristics of industrial operation systems. There always exists unnoticeable and unknown aspects in the practical mechanical system, which may include the uncertainties consisting of input disturbance, the modeling error and so on. In system theory, the stochastic theory is an effective technique to tackle the uncertainty [11] , [12] . But there still exists criticisms about valid-ity of the stochastic theory in the reality. On the other hand, the application of the fuzzy technique has recently made largish progresses in the characterization and regulating of dynamical systems. When complicated nonlinearity is frequently difficult to formulate analytically in many mechanical systems, or it is too complex or impossible to carry out with the help of ''conventional controllers'', T-S fuzzy control is the most successful approach application which has proved to be an prominent method to address the nonlinearity of involute operation systems.
In [13] and [14] , the design of operation control is investigated by applying T-S method and it is employed to a classical industrial process which is called continuous stirred tank reactor (CSTR). Moreover, the author researched the presented issue for nonlinear structures in view of sampled-data and the influence of Ethernet transmission in [15] . However, they did not take into account the two-layer structure in the industrial operation systems. Under the above double-layer structure, some existing results did not take the uncertainties of tracking performance into consideration in the lower layer. For example, in [16] presented a PI control to be united in wedlock together with MPC strategy [17] in the industrial process operation based on network in which the local subsystems is linear, [18] finish off the global compensation and the tracking of set points. After that in the local lower layer, the sampled-data problem of the subsystems is considered, and the author investigated the tracking case of output feedback control in [19] . The adaptive fuzzy controller is employed to ensure the tracking performance for nonlinear subsystems in the device layer via applying prescribed performance objective and back stepping technique. And in operation layer the author designed the optimal controller to achieve stability and optimization of the nonlinear system in [20] . However, the different time scales are not taken into account in doublelayer system. Motivated by the above discussion, in this paper, according to the fact that the dual-layer model works on a different time scale from the regulation control of the lower device layer with uncertainties, a T-S fuzzy control method based on a class of uncertainty fulfilling the condition of sector bound for set-points compensation of industrial operation systems is suggested. The problem of multirate sampling is generated by different time scales in doublelayer architecture (i.e. T s > T d ) in Fig. 1 . Therefore, firstly, by making use of a multivariable PI fuzzy controller with regulable decay rate the local regulation is realized. Then, the formula of closed-loop system is constructed and ulteriorly discretized meanwhile considering input variables and output variables, respectively, are represented by set-points and performance index error. Thirdly, the formulation of a quadratic optimization problem and the S-Procedure are adopted to derive a output feedback controller which can bring the least change of the economic index number as well as realization of the dynamical set-points compensation by the replaced controller in accord with the changing conditions of the lower layer. A fresh dual-layer model for the uncertainty is employed in fuzzy model of the system. At last, the effectiveness of presented method is illustrated by a flotation process.
Notations: (η, θ) stands for (η T , θ T ) T for vectors η and θ. The superscript 'T ' denotes matrix transpose. I is the identity matrix with compatible dimensions. 0 is zero matrix with compatible dimensions. Further ' * ' denotes the symmetric terms in a block complex matrix. The notation P > 0(≥ 0) suggests that matrix P is positive (semi)definite and symmetric. x P is the vector norm which is weighted by matrix P. In other words it is (
stands for characteristic function of state subspace i , and
II. PROBLEM FORMULATION
Firstly, we consider the T-S fuzzy model. It is a system of continuous-time nonlinearity with uncertainty. The overall fuzzy model [21] is described by fuzzy aggregation of the linear models. The i-th rule of the T-S is given below: Model Rule i:
where 
where we suppose for all t: 
, then
In what follows, we write
) by h i for brevity. Assumption 1: Ã i and B i are assumed to be as follows
Lemma 1 [22]: Given a symmetric matrix Y and a matrix . Y , M , N are matrices with appropriate dimensions, then for all satisfying T ≤ I , Y + M N + N T T M T < 0 if and only if there exists a scalar ε > 0 such that
The feedback control structure of industrial operation is shown in Fig.1 . The dynamic fuzzy feedback controller produces the processes control set-points y * (k) according to the error between the target r * (k) and the operation index r(k). The PI fuzzy controller is employed to generate the input u(t) in terms of the error between the set-points y * (t) and the output y(t). u(t) makes the output y(t) track set-points y * (t) after acting on the controlled plant.
III. MAIN RESULTS
For brevity, in the lower device layer only one single subsystem is considered. The input and output of the lower layer as well as the price of the product directly determine the operation index of the upper layer. Combining the upper layer operational process and the lower layer device loop, the whole problem can be simply characterized as a tracking task of economic objective. In Fig. 1 , by the measured local system output and control input the actual value of index is calculated as follows
where M 0 ∈ R n x ×n y is the benefit coefficient matrix of the process output, and N 0 ∈ R n r ×n u is the energy consumption coefficient matrix of the control input, respectively. In this paper, the dynamic fuzzy feedback controller is devised to track the prescribed operational index. However, with some preliminary steps put into effect, the lower layer must be stable.
A. PI FUZZY CONTROLLER DESIGN
On the lower layer control strategy, a multivariable PI fuzzy controller is adopted to track the set-points and guarantee the stability. The input of the local control is given by: PI fuzzy controller rule i:
the PI fuzzy controller is inferred as follows:
where the integral errors is denoted by E(t) = t 0 (y * (t) − y(t))dt; e(t) = y * (t) − y(t) denotes the dynamic equations. The relation dimension is n y ×1; K i1 is the proportional coefficient, and K i2 is the integral coefficient of fuzzy PI controller, respectively, and the dimension is n u × n y . Combining (2) and (7), the closed-loop system is augmented aṡ
Proof: In the literature [23] , based on Lyapunov the exponent decay rate α is defined, which is satisfying V (ξ (t)) ≤ V (ξ (0))e −αt , where V (ξ (t)) = ξ (t) 2 S . In order to make the closed-loop system (8) asymptotically stable, the lower bound of α should satisfy the inequality dV (
From (9) and (10), then (8) asymptotic stability. From lemma 1 and Schur complement formula, pre-and postmultiplying (9) by S
Applying the variable substitution S i =X
−1 i
and W i = K iCiXi . In summary, if (12) is established, the control gain is obtained. Thus completes the proof.
B. DISCRETIZED LOCAL SYSTEM MODEL
In every control period, since the manually decomposed index y * can hardly satisfy the required profit of process, by dynamically changing the set-points the dynamic fuzzy feedback controller is adopted to drive the system toward the prescribed economic indicator. Considering y * (k) as input and r(k) as output of the closed-loop system, respectively, which is thus rewritten by the depiction of lower layer in (2) and the input in (7) . The final system is the following:
where
It is worth noting that the structural uncertainties exist in the system matrix, which makes it difficult to discretize the system (13) . In this paper, an approximate model with o(T 2 s ) order is adopted [24] . The index model is thus obtained by the discretized model, which can be written as
whereη
, and is a convex set. T s is sampling period of the upper layer. We consider that the uncertainty of operation system can be nonlinear and fast varying with time elapsing and it is required to satisfy a set of constraints, which is assumed to be bounded and lies in a prescribed set [25] : • a denotes absolute norm.
C. FUZZY DYNAMIC OUTPUT FEEDBACK CONTROLLER DESIGN
In this paper, according to a T-S fuzzy model, we design the dynamical PDC whose ''THEN'' parts are dynamical systems. Constructing the following dynamical output feedback controller:
Combining (14) and (17), the closed-loop system is augmented aŝ
wherê
Since the lower layer control is a fast sampling process and the upper control is a slow sampling process in the practical operational device. This is a multi time scale problem. Therefore, we present an infinite function objective which produce the minimum of the tracking error as following
whereQ > 0 andR > 0 are weighting matrices. Considering a piecewise Lyapunov function
At the sample time k, suppose V ijl (η (∞)) ≥ 0 and V ijl satisfies the following inequality:
Summing (20) from k = 0 to k = ∞, yields
We point out that the upper bound of maxJ which can be minimized by introducing a scalar γ and the following constraint: V ijl (η (0)) =η T (0) P ijlη (0) ≤ γ . Under constraints (19) , this control problem can be transformed into the minimization of γ .
Theorem 2: Considering the system (18) and (19) , as shown at the bottom of next page, for each i, j, l = 1 · · · r, if there exists symmetric positive matrix X ijl ∈ R n η ×n η , Y ijl ∈ R n η ×n η , ijl ∈ R n η ×n η , Ł ijl ∈ R n y ×n η and ijl ∈ R n η ×n u such that the following optimization LIMs hold: The controller (17) is a dynamic output feedback controller of the system (18) , and then the system (18) 
ψ ijl is known as a regular matrix.
Proof:
then, (25) is equivalent to (22) . (26) Suppose that ψ ijl is a nonsingular matrix, and then H ijl is regular. By translation motion of the origin of system (18) and in consideration of the deviation states, the following consequences of devising idea affected by [16] and [26] are presented. The system (18) can be substituted into the formula (20) . Yields the formula (27) (27) where (28), we can obtain (29) .
Then yields the following formula
From S-Procedure, (27) and (30), if there exists β ≥ 0 such that the following LIMs hold:
Remove β of coefficient matrix and then use Schur complement formula. Then one has
FromP ijl = γ P −1 ijl and Schur complement formula, (32) is equivalent to (33), shown at the top of the next page. Pre-and post-multiplying (33) by T T 1 and its transpose, respectively, we have (34), shown at the top of the next page. Noting that (23) can be readily obtained from (34) with (26) and we can derive the controller matrices from (24) . This completes the proof.
IV. ILLUSTRATIVE EXAMPLE.
Flotation is a typical industrial operation system. Here, in terms of distinctions in the hydrophobicity of minerals and gangue, the former designed procedure is used to the flotation process which consists of only one cell in order to isolate them. We assume that in the lower layer there exists a flotation process of chalcopyrite and under different conditions of parameter values the process is operated. The model is improved according to the former making great efforts of [27] and [28] - [32] . Thus, based on mass balance, in terms of minute we can construct the differential equations of froth and pulp about flotation process of the single-cell, respectively, as following [16] : [16] ). Choose
In a specified operation condition, the linear model can be obtained from (35) for a appointed suit of values on equilibrium and parameter. In Table I , there exist two different manipulation circumstances which are in accordance with two sets of equilibriums.
In the simulation, the economic objective r * is set to 1. 
Ruler 2: If x 1 (t) is about 16.8, theṅ
where According to Theorem 1, we can obtain the PI fuzzy controller described in (7). When there exists the uncertainty, the control inputs of the lower layer that are passed on to the upper layer of optimization are unfolded before our eyes in Fig. 3 . When the change of tracking value for the concentrate grade and the tail grade tends to steady state, the output signal of the controller converges, and the final device layer system tends to steady state. When the closed-loop system is gradually stabilized, the tracking control gain enables the device control layer to track fast the change of set point and suppress unknown uncertainties. At each sampling time of run-time, the output feedback controller gives the optimal set point of mineral grade under the current operating conditions. And under the action of the device layer controller, the concentrate grade and the tail grade can track well the above given value quickly and the adjustment time is much smaller than the sampling period of the operation layer. In Fig. 4 , the curves of dynamically transformed set-points of the lower layer demonstrates the effectiveness of the local regulator. Applying (5), Fig. 5 illustrates that the dynamical fuzzy feedback controller can make the economic objective track set-points. In figure. 5, under the action of the dynamical output feedback controller the tracking results of operation of the flotation process is shown. In this simulation, the bounded uncertainties are added to characterize the fluctuation of raw material components. The dynamical characteristics of the controlled device will affect the operation of the optimization layer. As a result of the controller, the optimal set point output is obtained at each sampling time, such that the operational index is gradually approaching the desired index and the system finally reaches the steady state by continuously adjusting. Furthermore, the whole system is designed perfectly along with the good capability of the subsystem. Other coefficient matrixes are omitted here.
V. CONCLUSION
This paper presented a novel method based on fuzzy control model with uncertainty fulfilling the condition of sector bound for designing set-points compensation in industrial operation systems. The control of device layer has been devised as a multivariable PI fuzzy controller. The sufficient conditions are obtained, which is to ensure the stability of the lower layer system. Under the fact that the dual-layer model works on different time scales in the device layer and the operation layer, an augmented system containing the uncertainties of systems is introduced. The formulation of a quadratic optimization problem is designed and the S-Procedure is adopted to derive a fuzzy output feedback controller which can produce the dynamical set-points for achieving the operational index within a range of the desired operational index by the output of lower layer process system tracking the derived setpoints. Finally, the proposed method has been carried out by means of demonstration of a flotation process. We will devote ourselves to the more realistic and practical output feedback framework operational process control. Particularly, In the network environment, a class of industrial operation systems with the losses of multiple packet are our interest.
